
Journal Pre-proof

Identification of gene variants in a cohort of hypogonadotropic hypogonadism:
Diagnostic utility of custom NGS panel and WES in unravelling genetic complexity of
the disease

Agnieszka Gach, Iwona Pinkier, Kinga Sałacińska, Maria Szarras-Czapnik, Dominik
Salachna, Agata Kucińska, Magda Rybak-Krzyszkowska, Agata Sakowicz

PII: S0303-7207(20)30268-9

DOI: https://doi.org/10.1016/j.mce.2020.110968

Reference: MCE 110968

To appear in: Molecular and Cellular Endocrinology

Received Date: 5 April 2020

Revised Date: 6 July 2020

Accepted Date: 25 July 2020

Please cite this article as: Gach, A., Pinkier, I., Sałacińska, K., Szarras-Czapnik, M., Salachna, D.,
Kucińska, A., Rybak-Krzyszkowska, M., Sakowicz, A., Identification of gene variants in a cohort of
hypogonadotropic hypogonadism: Diagnostic utility of custom NGS panel and WES in unravelling
genetic complexity of the disease, Molecular and Cellular Endocrinology (2020), doi: https://
doi.org/10.1016/j.mce.2020.110968.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published
in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal
disclaimers that apply to the journal pertain.

© 2020 Published by Elsevier B.V.

https://doi.org/10.1016/j.mce.2020.110968
https://doi.org/10.1016/j.mce.2020.110968
https://doi.org/10.1016/j.mce.2020.110968


1 
 

Identification of gene variants in a cohort of hypogonadotropic 1 

hypogonadism:  diagnostic utility of custom NGS panel and WES 2 

in unravelling genetic complexity of the disease 3 

 4 

Agnieszka Gach 1*; Iwona Pinkier 1; Kinga Sałacińska1; Maria Szarras-Czapnik 2; 5 

Dominik Salachna1; Agata Kucińska1; Magda Rybak-Krzyszkowska3; Agata 6 

Sakowicz4  7 

1 Department of Genetics, Polish Mother’s Memorial Hospital Research Institute, Lodz, Poland;  8 

2 Department of Endocrinology and Diabetology, Children’s Memorial Health Institute, Warsaw, Poland;  9 

3 Department of Obstetrics and Perinatology, University Hospital in Krakow, Cracow, Poland; 10 

4 Department of Medical Biotechnology, Medical University of Lodz, Poland; 11 

 12 

*Corresponding author: Agnieszka Gach: agagach@tlen.pl; Department of Genetics Polish Mother’s 13 

Memorial Hospital Research Institute, 281/289 Rzgowska Street, 93-338 Lodz, Poland 14 

 15 

Funding: This work was supported by The National Science Centre, Poland (grant number 16 

2014/13/B/NZ5/03102) and by the Polish Mother’s Memorial Hospital Research Institute, 17 

Lodz, Poland (statutory funding). 18 

Disclosure statement: The authors have nothing to disclose. 19 

 20 

Keywords: Kallmann syndrome, hypothalamic-pituitary-gonadal axis, gene mutations, 21 

human reproduction  22 

Jo
urn

al 
Pre-

pro
of



2 
 

Abstract 23 

Congenital hypogonadotropic hypogonadism (CHH) is caused by dysfunction of 24 

hypothalamic gonadotropic-releasing hormone (GnRH) axis. The condition is both clinically 25 

and genetically heterogeneous with more than 40 genes implicated in pathogenesis. 26 

The goal of the present study was to identify causative mutations in CHH individuals 27 

employing 2 step procedure with a targeted NGS panel as first-line diagnostics and 28 

subsequently whole exome sequencing in unsolved cases. 29 

Known or novel potentially deleterious variants were found in 28 out of 47 tested CHH 30 

patients. Molecular diagnosis was reached in 19/47 CHH cases.  In 13 cases monogenic 31 

variants were identified in ANOS1, FGFR1, GNRHR, CHD7, SOX10, and PROKR2, while 6 32 

patients showed digenic or trigenic inheritance patterns. The achieved diagnostic rate was 33 

comparable to other studies on genetics of CHH. 34 

By evaluating and reporting more patients with CHH we make progress in unravelling its 35 

genetic complexity and move a step closer to personalised medicine. 36 

 37 

 38 

1. Introduction 39 

The hypothalamic-pituitary-gonadal (HPG) axis is tightly regulated and plays a critical role 40 

in the development of reproductive function in humans. Dysfunction of any element of this 41 

system may result in delay or absence of sexual development and infertility. Congenital 42 

hypogonadotropic hypogonadism (CHH) is a rare genetic condition due to inadequate 43 

hypothalamic gonadotropic-releasing hormone (GnRH) axis activation or a failure of 44 

pituitary gonadotropin secretion. Its clinical manifestation ranges from severe cases of 45 

micropenis/cryptorchism in male infants as a result of intrauterine under-virilisation, through 46 

absent puberty, to adult-onset hypogonadism, and infertility (Stamou & Georgopoulos, 2018; 47 

Young et al., 2019). CHH can be associated with anosmia (Kallmann syndrome, KS) or 48 

presents with normal sense of smell (normosmic CHH, nCHH) (Boehm et al., 2015). Besides 49 

the symptoms of isolated hypogonadotropic hypogonadism and smell impairment, other 50 
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developmental abnormalities have been described in CHH, such as cleft lip or palate, renal 51 

agenesis, dental agenesis, ear anomalies, congenital hearing impairment, bimanual 52 

synkinesia or skeletal anomalies (Young et al., 2019). 53 

In CHH the clinical variability is accompanied by genetic complexity. The first report on 54 

CHH genetics pointed to KAL1 (ANOS1) gene in 1991 (Legouis et al., 1991). To date more 55 

than 40 genes have been implicated in CHH pathogenesis and the list is expanding (Butz, 56 

Nyírő, Anna, István, & Attila, 2020). Yet, despite almost three decades of efforts to define its 57 

molecular background, with the help of advanced high-throughput technologies in recent 58 

years, causative mutation can be found in less than half of the cases. With predominance of 59 

sporadic cases, familiar cases show X-linked recessive, autosomal dominant or autosomal 60 

recessive modes of inheritance. However, classified for a long time as a monogenic disorder, 61 

CHH in multiple cases does not show regular Mendelian segregation patterns (Boehm et al., 62 

2015; Maione et al., 2018). This observation initiated research on oligogenicity. Synergistic 63 

effects between CHH genes have been described in vitro (Falardeau et al., 2008) and 64 

identified in CHH individuals with more than one mutated gene (Dodé et al., 2006; Falardeau 65 

et al., 2008; Känsäkoski et al., 2014; Pitteloud et al., 2007; Sykiotis et al., 2010).  66 

The goal of the present study was to identify causative mutations and potentially deleterious 67 

variants in the cohort of 47 CHH individuals. A two-step model with a targeted 68 

next-generation sequencing (NGS) panel as first-line diagnostics and subsequently whole 69 

exome sequencing (WES) in unsolved cases was applied. 70 

 71 

2. Methods  72 

2.1 Patients 73 

Forty seven unrelated patients (including 31 men and 16 women) with clinical diagnosis of 74 

CHH (25 nCHH and 22 KS) were enrolled for the study. The diagnostic criteria and 75 

recruitment were described earlier (Gach, Pinkier, Szarras-Czapnik, Sakowicz, & 76 

Jakubowski, 2020). The Bioethics Committee of the Polish Mother’s Memorial Hospital 77 

Research Institute approved this study (approval number 42/2012), and informed consent  78 
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was obtained from all patients (or in case of participants under 16 years of age, their 79 

parents/guardians). All the procedures followed the Declaration of Helsinki principles. 80 

2.2 Custom panel sequencing  81 

Genomic DNAs from 47 patients were automatically extracted from peripheral blood 82 

leukocytes using the MagCore Genomic DNA Whole Blood Kit (RBC Bioscience), 83 

according to the manufacturer’s instructions. A custom panel (Illumina) was designed to 84 

analyse both marker and candidate genes implicated in CHH development. The genes were 85 

selected through literature search/OMIM classifications. Candidate genes EBF2, TSHZ1, and 86 

VAX1 were chosen based on published data from animal models indicating their crucial role 87 

in HPG axis. The following 51 genes were included to the customized panel: ANOS1, AXL, 88 

CCDC141, CGA, CHD7, DUSP6, EBF2, FEZF1, FGF17, FGF8, FGFR1, FLRT3, FSHB, 89 

FSHR, GNRH1, GNRHR, HESX1, HS6ST1, IL17RD, KISS1, KISS1R, LEP, LEPR, LHB, 90 

LHCGR, LHX3, LHX4, NSMF, NR5A1, NROB1, PCSK1, PNPLA6, POLR3B, PROK2, 91 

PROKR2, PROP1, SEMA3A, SEMA3E, SEMA7A, SOX10, SOX2, SPRY4, SRA1, STUB1, 92 

TAC3, TACR3, TSHZ1,TUBB3, VAX1, VCX3A, WDR11. The panel covered all exons and 93 

intron/exon boundaries. Sequencing was performed on the MiniSeq platform (Illumina). 94 

Alignment, and variant calling were performed as previously described (Gach et al., 2020). 95 

2.3 Whole exome sequencing (WES) 96 

DNA was automatically extracted from peripheral blood leukocytes using MagCore 97 

Genomic DNA Whole Blood Kit (RBC Bioscience), according to the manufacturer’s 98 

instructions. DNA samples from 15 patients were delivered to Macrogen (Korea) (minimum 99 

20μl of 50 ng/μl DNA, purity A260/A280 >1.7, total quantity >1.0 μg). WES procedure 100 

involving library preparation, sequencing, and bioinformatical analysis was performed by 101 

Macrogen. DNA library was prepared using the SureSelectXT v7 Library Prep Kit (Agilent), 102 

enriched for the  SureSelect v7 Human All Exome HTreagent kit (Agilent), and sequenced on 103 

the NovaSeq6000 platform (Illumina) in 150bp paired-end reads. 104 

2.4 Validation by Sanger sequencing  105 

All known CHH-related variants and rare potentially deleterious mutations identified by 106 

targeted NGS and WES were confirmed by direct sequencing. Primers were designed using 107 

Primer3 Input and Primer-BLAST software to anneal upstream and downstream of DNA 108 
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regions containing selected mutations. After PCR amplification, products were sequenced 109 

using 3500 Genetic Analyzer (Thermo Fisher Scientific). Data were compared to the 110 

published gene sequences. 111 

2.5 Bioinformatical analysis 112 

Analysis of targeted NGS results was performed as described earlier (Gach 2020). Reads 113 

from WES were mapped to human reference  genome GRCh38/UCSChg38 using the 114 

Burrows-Wheeler Aligner 0.7.17 (BWA) software. PCR duplicates were removed using 115 

Picard MarkDuplicates 2.18.2-SNAPSHOT toolkit. For variant discovery, genotyping, 116 

processing and quality control of high-throughput sequencing data the Genome Analysis 117 

Toolkit v4.0.5.1 (GATK) was used. According to the standard GATK best practices the 118 

realignments around base quality score recalibration (BQSR), variant calling for small 119 

insertions/deletions and SNP with HaplotypeCaller and variant filtering with 120 

VariantFiltration tools were performed.  121 

To annotate and predict the effects of filtered variants the SnpEff v4.3 tool was used. 122 

Variants were annotated and filtered with dbSNP and SNPs from the 1000 Genome Project. 123 

To maximize the volume of general population data, we utilized four widely used control 124 

databases: (1) gnomAD (n = 141,456, http://gnomad.broadinstitute.org/), (2) ExAC 125 

(n = 60,706, http://exac.broadinstitute.org/), (3) NHLBI Exome Sequencing Project 126 

(n = 6,503, http://evs.gs.washington.edu/EVS/), and (4) 1000 Genomes Project Phase 3 127 

database (1000 G; n = 2,504, http://www.internationalgenome.org/). Then, an in-house 128 

program and SnpEff for comparison with other databases including ESP6500, ClinVar, 129 

dbNSFP, and ACMG classification were used (Nykamp et al., 2017; Richards et al., 2015).   130 

In both the panel NGS and WES approach the analysis was limited to single nucleotide 131 

variants (SNVs). 132 

2.6 Variant analysis 133 
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The analysis was performed for the known CHH-related genes and for the candidate genes 134 

selected on the base of the literature. High-frequency variants of the European population 135 

reported in public databases with MAF > 0.01 have also been eliminated. Next, variants were 136 

classified according to ACMG-2015 recommendations using VarSome prediction tool 137 

(http://varsome.com). Only pathogenic, likely pathogenic, and variants of uncertain 138 

significance (VUS) were further analysed. Identified variants were checked in common 139 

databases: ClinVar, HGMD (public version) (Landrum et al., 2018; Stenson et al., 2017). We 140 

searched OMIM and PubMed for publications on variants harbouring damaging or predicted 141 

to be deleterious mutations. 142 

 143 

3. Results 144 

A two-step approach was used to identify causative and potentially deleterious variants in 145 

CHH cohort. A targeted NGS panel as first-line diagnostics and WES in some of the 146 

unsolved cases was applied. (Fig. 1).  147 
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 148 

Fig. 1. Genetic testing strategy used in the CHH cohort of 47 patients. 149 

 150 

3.1 Variants identified with targeted NGS  151 

In the first approach, DNA samples from 47 unrelated CHH patients were analysed with 152 

custom NGS panel. The panel provided  a minimal coverage of 20 reads in an average of 153 

90.3% target regions. The average read depth in the targeted region was 1142 reads per base. 154 

In twelve patients a molecular diagnosis was reached. The monogenic variants were 155 

identified in the following well-established CHH genes: ANOS1 (2 patients), FGFR1 (4 156 

patients), GNRHR (2 patients), CHD7 (1 patient), SOX10 (1 patient), and PROKR2 (2 157 

patients). The hemizygous variants of ANOS1 and four heterozygous variants of FGFR1 158 

gene were described and reported earlier by our group (Gach et al., 2020).  159 
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3.1.1 GNRHR variants 160 

Biallelic mutations in GNRHR were identified in two normosmic CHH patients. A 161 

homozygous missense mutation c.416G>A p.(Arg139His) was found in a male patient 162 

referred to genetic counselling because of absent puberty at the age of 16. The variant is listed 163 

in HGMD and ClinVar, RCV000497820.2. 164 

In a female patient referred due to primary amenorrhea and diagnosed with nCHH two 165 

mutations within GNRHR sequence were identified: c.350T>G p.(Leu117Arg) and 166 

c.416G>A p.(Arg139His). All GNRHR variants were previously linked to CHH phenotype 167 

and reported by others (Costa et al., 2001; Zhu et al., 2015). 168 

3.1.2 Novel CHD7 variant 169 

The novel CHD7 variant c.8005_8006insT p.(Pro2670ThrfsTer9) was identified in a female 170 

patient diagnosed with Kallmann syndrome (Fig. 2. A). Single nucleotide insertion disrupts 171 

the open reading frame (ORF) and results in a premature stop codon p.(Pro2670ThrfsTer9). 172 

The variant was predicted as deleterious by MutationTaster. Furthermore, it was not found in 173 

any of the population variant databases including the ExAC, 1000 Genomes Project, The 174 

Genome Aggregation Database (gnomAD) nor in Exome Sequencing Project. According to 175 

Varsome  (https://varsome.com) vast majority of variants disrupting ORF are pathogenic and 176 

linked to CHARGE syndrome or hypogonadotropic hypogonadism with or without smell 177 

impairment. Following ACMG–AMP recommendations the CHD7 c.8005_8006insT variant 178 

was classified as class 5, pathogenic. 179 

3.1.3 SOX10 variant 180 

The heterozygous SOX10 c.403A>G p.(Ser135Gly) variant was discovered in a normosmic 181 

CHH female patient with bilateral deafness.  HGMD reports this transition as linked with 182 

Kallmann syndrome phenotype based on a single case (Marcos et al., 2014). The mutation 183 

was not found in ClinVar. Following the ClinVar submission indicating the phenotype of our 184 

patient the variant was assigned with accession number, VCV000692195. According to 185 

ACMG–AMP recommendations the SOX10 variant was classified as class 4, likely 186 

pathogenic. Localized at the same codon c.403A>G p.(Ser135Arg) variant was previously 187 

reported in Waardenburg syndrome (Bocangel et al., 2018). 188 
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3.1.4 Novel PROKR2 variants 189 

Two patients harbouring novel heterozygous PROKR2 variants presented KS phenotype.  190 

Variant c.403C>T p.(Arg135Cys) was identified in a male patient with delayed puberty and 191 

hyposmia. Patient with c.728A>G p.(Tyr243Cys) variant exhibited more severe phenotype 192 

with micropenis, scrotal hypospadias, and cryptorchism. Parents were not available for 193 

segregation studies. Both identified mutations are missence variants resulting in  amino acid 194 

substitution to cysteine. Following ACMG–AMP recommendations they were classified as 195 

class 3, VUS. Both variants occur within conserved sequences (Fig. 2. C, D). The minor 196 

allele frequency in gnomAD database is 0.0000477 for c.403C>T  and 0.0000343 for 197 

c.728A>G.  Variants were submitted to ClinVar.  198 

In the tested cohort five patients harboured more than one potentially deleterious variant, 199 

presenting oligogenic inheritance pattern. The results are in press (Gach et al. 2020). 200 

In six patients a single mutation was found in one of CHH-related genes (SRA1, KISS1R, 201 

TACR3, SEMA3A). However, none of the heterozygous variants was sufficient to explain the 202 

phenotype and patients were investigated further with WES. 203 

 204 

3.2 Variants identified with WES  205 

In the second approach, DNA samples were analysed with WES. Initially all  samples, which 206 

were negative or noninformative on panel NGS testing were planned for further evaluation. 207 

Since the option of genetic tests conducted abroad was not included in the initial consent and 208 

not all patients were available and signed the extended consent, WES was limited to 15 CHH 209 

patients. Mean deapth of coverage for all genes was 124. 210 

3.2.1 CHD7 and LHB variants 211 

CHD7 c.5405-7G>A variant was identified in a male patient presentng a complex phenotype: 212 

micropenis, cryptorchism, cleft palate, choanal atresia, skeletal abnormalities, and facial 213 

dysmorphism. This intronic position is a recurrent mutational hotspot and the variant was 214 
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reported in several cases of CHARGE syndrome (Marine Legendre, Montserrat 215 

Rodriguez2018). 216 

LHB c.286G>A p.(Val96Met) variant was found in a 8-year old male patient with normosmic 217 

CHH and micropenis. The variant is rare, with frequency 0.0000558 in gnomAD. Pathogenic 218 

computational verdict was archived because of pathogenic predictions from EIGEN, 219 

FATHMM-MKL, MutationTaster, PolyPhen, REVEL, and SIFT.  UniProt alignment 220 

indicate that the Val96 is a conserved residue (Fig. 2. B). Based on ACMG–AMP 221 

recommendations mutation was assigned to class 3, VUS. The variant is novel and has been 222 

submitted to ClinVar. In this patient previous diagnostic approach with panel NGS revealed a 223 

known pathogenic CHH-related mutation in TACR3: c.737+1G>A. This mutation was 224 

maternally inherited, while LHB variant is of paternal origin.  225 

 226 

 227 

 228 
Fig. 2. Mapping of novel variants to DNA sequence and protein domains. (A) Results of 229 
automated DNA sequencing for CHD7 single base pair duplication c.8006dupT (upper 230 
chromatogram), a wild type (wt) sequence (bottom chromatogram); (B-H) Results of 231 
automated DNA sequencing and UniProt alignment of amino acid variations across species 232 
for LHB: c.286G>A p.(Val96Met) (B), PROKR2: c.728A>G p.(Tyr243Cys) (C); PROKR2: 233 
c.403C>T p.(Arg135Cys) (D);  TRAPPC9: c.1478A>G p.(Tyr493Cys) (E); PKNOX2: 234 
c.806A>G p.(Gln269Arg) (F); FSTL5: c.1358T>C p.(Met453Thr) (G); SEC14L3: 235 
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c.1049A>T p.(Asp350Val) (H). Variants’ positions identified in this study are indicated with 236 
red arrows. 237 

 238 

3.2.2 Rare variants in candidate genes TRAPPC9, FSTL5, PKNOX2, and SEC14L3 239 

In four out of 47 patients a single variant in a candidate gene TRAPPC9, FSTL5, PKNOX2 or 240 

SEC14L3 was identified. All four candidate genes are listed by Quanor et al. among 261 241 

genes with potential relevance to nCHH/KS based on their possible involvement in GnRH 242 

axis or olfactory nerve specification, migration, and/or function, hypothalamic or pituitary 243 

development (Quaynor et al., 2016). Variants were predicted to be deleterious by multiple 244 

prediction programs. None of them was reported in ClinVar and HGMD. All were found 245 

within conserved sequences (Fig. 2. E-H). According to ACMG–AMP recommendations 246 

they were classified as class 3, VUS. Families were not available for allele segregation 247 

studies. 248 

TRAPPC9 c.1478A>G p.(Tyr493Cys) was found in a male nCHH patient. GnomAD exomes 249 

allele frequency is 0,000016. Tested with 9 prediction programs the variant received 8 250 

pathogenic predictions from EIGEN, FATHMM-MKL, M-CAP, MutationAssessor, 251 

MutationTaster, PrimateAI, REVEL, and SIFT and only one benign prediction from 252 

DEOGEN2. A heterozygous variant in TRAPPC9 gene (Thr511Met) was reported earlier in 253 

normosmic HH patient (Quaynor et al., 2016).  254 

FSTL5 c.1358T>C p.(Met453Thr) variant was identified in a male patient with KS. The 255 

variant is rare, with frequency 0,00117 in gnomAD. Pathogenic computational verdict was 256 

archived based on 6 pathogenic predictions from LRT, MutationAssessor, MutationTaster, 257 

PROVEAN, FATHMM-MKL, and SIFT vs 1 benign prediction from FATHMM. 258 

PKNOX2 c.806A>G p.(Gln269Arg) variant was found in a male patient presenting KS 259 

phenotype. The variant is rare, with frequency 0,0000441 in gnomAD. From 10 predictions 8 260 

were pathogenic (EIGEN, FATHMM-MKL, M-CAP, MVP, MutationTaster, PrimateAI, 261 

REVEL, and SIFT) and two benign (DEOGEN2 and MutationAssessor). 262 

SEC14L3 c.1049A>T p.(Asp350Val) variant was identified in a male patient with nCHH and 263 

obesity. GnomAD exomes allele frequency is 0,001008. The variant received pathogenic 264 
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computational verdict based on 7 pathogenic predictions from EIGEN, FATHMM-MKL, 265 

M-CAP, MutationAssessor, MutationTaster, PrimateAI, and SIFT and one benign prediction 266 

from DEOGEN2. 267 

4. Discussion 268 

Driven by NGS, a substantial progress in our understanding of congenital hypogonadotropic 269 

hypogonadism have been made recently and greatly improved the disease diagnostics at the 270 

molecular level (Butz et al., 2020; Cangiano et al., 2020). Each report on new disease-related 271 

genes, novel pathogenic variants or deleterious structural alterations is a step closer to 272 

precision medicine. Establishing an etiologic diagnosis is important for timely 273 

implementation of treatment and optimal outcomes (Dwyer et al., 2019). However, in case of 274 

CHH this may be remarkably difficult due to its clinical and genetic heterogeneity. Targeted 275 

panel NGS to some extent addresses the later problem. At affordable cost about 40 or more 276 

known CHH-related genes can be easily analysed. Diagnostic utility of gene panels for CHH 277 

has been proven in recent years in several populations (Aoyama et al., 2017; Butz et al., 278 

2020; Cassatella et al., 2018; Guimaraes et al., 2019; Kim et al., 2019; Quaynor et al., 2016; 279 

Wang & Gong, 2017; Zhou et al., 2018). While approximately 40% of the genetic 280 

background has been uncovered to date, the genetic cause of majority CHH cases still 281 

remains a mystery. Given the number of known and potentially involved genes and our 282 

gradually progressing understanding of the disease, designing a well-tailored gene panel is 283 

perhaps an unnecessary challenge. With decreasing costs whole exome sequencing (WES) 284 

becomes an attractive tool for studying the complex genetic architecture of CHH. By 285 

allowing concomitant examination of all exonic sequences WES enables versatile testing and 286 

increases the probability of timely molecular diagnosis. Another important advantage of 287 

WES over targeted NGS panel is the potential for data re-analysis as more contributory genes 288 

are discovered.  289 

In the presented project we began with a targeted approach by evaluating variants in 51 290 

known and candidate genes in 47 CHH individuals. In 12/47 patients we identified 6 known 291 

monogenic variants and 7 novel potentially deleterious variants in ANOS1, FGFR1, GnRH, 292 
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CHD7, SOX10, and PROKR2. In 5/47 patients two or three variants were identified in 293 

CHH-related genes suggesting the non Mendelian oligogenic inheritance. In 6/47 probands a 294 

single pathogenic or potentially pathogenic variant was found in SRA1, KISS1R, TACR3 or 295 

SEMA3A. However, due to expected autosomal recessive or oligogenic inheritance pattern 296 

these variants were not sufficient to explain the phenotype. In 24/47 individuals panel NGS 297 

testing revealed no potentially disease-related variants.  298 

In the second approach, we performed WES analysis in 15 patients previously tested with 299 

panel NGS. Six of them harboured a single gene variant while in nine, we identified no 300 

variants. WES analysis revealed four rare variants in candidate genes: FSTL5, PKNOX2, 301 

SEC14L3, and TRAPPC9. Surprisingly, despite prior targeted panel analysis, we also found 302 

two variants in CHH-related genes: CHD7 and LHB. Both variants were lost during quality 303 

filtering by MiniSeq integrated software.  304 

There is a strong evidence, based on protein structural predictions, the rarity of reported 305 

variants and amino acid conservation in case of missense substitutions, that identified 306 

mutations are highly likely to be deleterious. However, no functional data is available to 307 

provide the final prove for the variant pathogenicity. The reported cohort of 47 individuals is  308 

relatively small compared to multicentre, often international projects, yet CHH is a rare 309 

disease and identified novel variants contribute to the knowledge on the disease genetic 310 

complexity. 311 

In summary, using panel NGS and WES causative mutations or potentially deleterious 312 

variants were found in 28 out of 47 tested CHH patients. Molecular diagnosis was reached in 313 

19/47 CHH cases.  In 13 cases monogenic background was identified, while 6 patients 314 

showed digenic or trigenic inheritance patterns. In 9 patients a single variant was identified, 315 

which is not sufficient to establish molecular diagnosis, but raises the suspicion of possible 316 

oligogenic background. The achieved diagnostic rate was comparable to other studies on 317 

genetics of CHH (Butz et al., 2020). 318 

Targeted sequencing using a panel of genes known to cause CHH easily identifies variants 319 

that are pathogenic or potentially disease causing according to ACMG-AMP guidelines and 320 

thus is clinically useful. Similar strategy can be applied for WES by filtering data using the 321 

Jo
urn

al 
Pre-

pro
of



14 
 

list of disease-related genes. Further analysis, enabling rare variant identification in 322 

candidate genes is often difficult in terms of variant interpretation, but in the future may 323 

improve the rate of patients diagnosis. Still, exome sequencing covers only about 1-2% of the 324 

entire genome, limiting the analysis to coding regions and functional variants changing 325 

protein structure and function. Technically, whole genome sequencing (WGS) overcomes 326 

this limitation, nevertheless the method is expensive and functional relevance of noncoding 327 

variants is still largely unknown.  328 

5. Conclusions 329 

Nowadays cost-effective diagnostic tests for exome variation, as panel NGS and WES, are 330 

available for patients with clinical diagnosis of CHH. However, the current knowledge and 331 

understanding of the genetic basis of the disease often times limits the optimal and efficient 332 

data analysis. By evaluating and reporting more patients with CHH we make progress in 333 

unravelling its genetic complexity and move step-by-step closer to personalised medicine. 334 
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